Background: Promoter usage determines the peptide preceding the lipid-binding KalSec14 domain. Results: Kalirin C-promoter encodes an amphipathic helix, which interacts with phosphoinositides, localizes to the trans-Golgi network, alters KalSec14 interactions with cell membranes, and stimulates secretion. Conclusion: Sec14 domain function is altered by the preceding phosphoinositide-binding amphipathic helix. Significance: Kalirin function is expected to vary with promoter choice.
Sec14 domain mutations are also associated with retinal degeneration and cancer (18, 19) .
Although some Sec14 superfamily members consist almost entirely of the Sec14 domain, many are larger, multidomain GTPase regulatory proteins. The Sec14 domain of p50RhoGAP targets it to endosomes and mediates interaction with Rab11 (20) . Disruption of the Sec14 domain in truncated isoforms of two other Rho GEFs (Dbl and Dbs/Ost) causes altered localization of the proteins and their effector, Cdc42 (21) . The Sec14 domain of kalirin interacts with phosphoinositides but not with other more prevalent membrane lipids (11, 12) . Furthermore, cultured hippocampal neurons expressing a Kal7 mutant lacking only its Sec14 domain form abnormally short dendritic spines (11) .
Sequence homology among Sec14 superfamily members is typically low, but their structures are remarkably similar (17, 22, 23) (Fig. 1C ). Alternating ␣-helix and ␤-sheet motifs create a lipid binding pocket with a hydrophobic core (CRAL_TRIO domain; named for cellular retinaldehyde-binding protein and Trio, a homologue of kalirin). Upstream of the lipid binding pocket, some Sec14 family members also have a four-helix subdomain, commonly referred to as a CRAL_TRIO_N domain ( Fig. 1B) . Recent phylogenetic analysis of the Sec14 superfamily places the Sec14-containing RhoGEFs in an intermediate position, between those that have the N-terminal domain and those that do not (24) .
Alternative promoter usage generates isoforms of kalirin in which its CRAL_TRIO domain is preceded by four very different sequences encoded by unique initial exons: Ex1A, Ex1B, Ex1C, or Ex1D (Fig. 1A) . The majority of Kalrn transcripts in the mouse brain contain either Ex1B or Ex1C, with very little Ex1A and Ex1D transcript detected (25) . Although the peptides resulting from Ex1B and Ex1C are not identified as CRAL_ TRIO_N domains, their conservation and unique features suggested that they could affect the function of the CRAL_ TRIO domain. Ex1A, which encodes only four amino acids, would not be expected to form a functional domain. Here, we show that these N-terminal peptides affect Sec14 domain lipid binding, subcellular localization, and function.
Experimental Procedures
Protein Expression and Purification-KalSec14 variants were expressed and purified using the pGEX-6P vector system, as described previously (11, 26) . Constructs were designed using the rat Kalrn sequence (U88157.1 numbering scheme; Ex1A) and verified by sequence analysis. GST fusion proteins were bound to a 5-ml GSTrap-4B column (GE Healthcare) and eluted by overnight cleavage with GST-HRV3C protease (Gen-Way Biotech, Inc., San Diego, CA). Purification was accomplished using a Q-Sepharose column (5 ϫ 40 mm) equilibrated with 20 mM NaTES, pH 8.0, at a flow rate of 0.5 ml/min. Proteins were eluted over 180 min with a linear gradient to 500 mM NaCl in the same buffer. Proteins used for PIP strips included a rhodopsin tag at their C termini (27) . For liposome assays, the rhodopsin tag was removed, and the GST fusion proteins were extended to include the first helix of spectrin repeat 1 (-EFP 199 ) because this was found to improve protein solubility and stability.
Circular Dichroism-CD experiments were done as reported previously (26) . CD spectra were recorded using a Jasco J715 spectropolarimeter (Jasco, Easton, MD) calibrated with D-(ϩ)-10-camphor-sulfonic acid ammonium salt, with a thermostated cell housing and 1-mm path length cell at 20 ºC. Recombinant Sec14 proteins (6 M) or synthetic peptides (20 M) were prepared in buffer (20 mM NaTES, 150 mM NaCl, pH 7.0), and far UV CD spectra were recorded between 190 and 260 nm. An average of three runs were recorded for each protein sample. Synthetic peptides (Biomatik USA, LLC, Wilmington, DE; Ͼ90% purity) used in these studies included Kal-b (PPEGAS-EEGGAADSD), Kal-c (acetyl-TDRFWDQWYLWYLRLLRLL-DRG-NH 2 ), and Kal-c KKD (acetyl-TDRFKDQKYLWDLRLL-RLLDRG-NH 2 ). One tryptophan residue was left in the mutant peptide to enable tryptophan fluorescence measurement. Peptides were solubilized in 1 mM HCl and stored at Ϫ20°C.
PIP Strips-PIP strips (Echelon Bioscience, P-6001) were used according to the manufacturer's instructions, as reported previously (11) . Briefly, strips were blocked with 3% fatty acidfree BSA (Sigma-Aldrich, A6003) in Tris-buffered saline containing 0.1% Tween 20 (TTBS) for 1 h at room temperature and then incubated with 1 g/ml of the indicated rhodopsin-tagged Sec14 protein for 1 h at room temperature. PIP strips were rinsed thoroughly, and protein binding was visualized using a mouse anti-rhodopsin monoclonal antibody and an HRP-conjugated anti-mouse secondary antibody. Signals were quantified using a GeneGnome digital imaging system and identical exposure times. Following background subtraction, densitometric data were normalized to the signal obtained for cSec14rhodopsin binding to PI(4)P, consistently the darkest spot across groups.
Liposome Preparation and Flotation Assays-The following synthetic and natural lipids were purchased from Avanti Polar Lipids, Inc. (Alabaster, Alabama): DOPC (18:1; 850375), DOPE (18:1; 850725), DOPS (18:1; 840035), brain PI(4)P (840045), cholesterol (700000P), and LissRhod PE (18:1, emission 571 nm; 810150). The following lipids were purchased from Echelon Biosciences, Inc. (Salt Lake City, UT): phosphatidylinositol diC16 (PI diC16; P-0016); phosphatidylinositol 3-phosphate diC16 (PI(3)P diC16; P-3016); phosphatidylinositol 4-phosphate diC16 (PI(4)P diC16; P-4016); phosphatidylinositol 5-phosphate diC16 (PI(5)P diC16; P-5016); phosphatidylinositol 3,4-bisphosphate diC16 (PI(3,4)P 2 diC16; P-3416); phosphatidylinositol 3,5-bisphosphate diC16 (PI(3,5)P 2 diC16; P-3516); phosphatidylinositol 4,5-bisphosphate diC16 (PI(4,5)P 2 diC16; P-4516); phosphatidylinositol 3,4,5-trisphosphate diC16 (PI(3,4,5)P 3 diC16; P-3916). All powdered lipids were dissolved in chloroform or a mixture of chloroform, methanol, and water (20:9:1) per the manufacturer's instructions. Liposomes were prepared essentially as described by Avanti. To start, lipid stocks were mixed in the desired proportions, dried under nitrogen gas, and lyophilized overnight. Lipid mixtures were reconstituted to a final concentration of 1 mM in HN buffer (20 mM HEPES, 150 mM NaCl, pH 7.4). Mixtures underwent five freeze-thaw cycles with vigorous vortexing between each. Using a miniextruder, unilamellar liposomes were prepared by passing lipid mixtures 21 times through polycarbonate membranes of 100-nm pore size. Hydrated lipid mixtures were stored at Ϫ20°C for up to 1 month; liposomes were freshly prepared for each experiment.
Liposome flotation assays were conducted on a density gradient in a manner similar to previous reports (28) . Accudenz (Accurate Chemical and Scientific Corp., Westbury, NY) solutions (80 and 20%) were prepared in HN buffer. Unilamellar liposomes (50 l) were combined with 0.5 g of purified protein and incubated at room temperature for 30 min. The entire liposome/protein mixture was combined with 50 l of 80% Accudenz at the bottom of an ultracentrifuge tube and carefully mixed to completion by pipetting. The resulting mixture was carefully overlayered with 250 l of 20% Accudenz and then with 50 l of HN buffer. Samples were centrifuged at 55,000 rpm at 4°C for 30 min in a TL-100 ultracentrifuge using a Beckman TLS 55 swinging bucket rotor. Gradients were then divided into four 100-l fractions, which were carefully collected from the bottom of the tube using gel loading micropipette tips. Each fraction was analyzed for liposome and protein content using spectrophotometry (546-nm excitation/571-nm emission) and Western blot analysis, respectively. At least 90% of the Lissamine Rhodamine PE marker was recovered in the top fraction.
For analysis of protein content, equal aliquots of each gradient fraction were denatured in 1ϫ Laemmli sample buffer, fractionated on 4 -15% acrylamide gels, and transferred to PVDF membranes. Western blot analysis was conducted using either a mouse GST antibody (for PI(4)P-Grip GST (Echelon Biosciences, Inc., G-0402)) or a rabbit KalSec14 antibody (CT302; see Ref. 7) and mouse or rabbit HRP-tagged secondary antibodies. SuperSignal West chemiluminescent substrate (Thermo Scientific) and a GeneGnome digital imaging system were used to visualize blots, with exposures adjusted to be in the linear range. After background subtraction, bands were quantified, and data were represented as a proportion of total protein recovered.
Tryptophan Fluorescence-The tryptophan blue shift assay was conducted by incubating 2 M synthetic peptide (Kal-c or Kal-c KKD peptide) with 20 M liposomes (diameter, 100 nm), either with or without 8% PIP (prepared as described above but without Lissamine Rhodamine PE) in HN buffer, at room temperature for 45 min. Control reactions were incubated without liposomes. Intrinsic fluorescence was measured using a F2500 spectrofluorimeter (Hitachi, Japan) with a thermostated cell holder and a 1-cm path length quartz cuvette. Slit widths with a nominal band pass of 10 nm were used for both excitation and emission beams. Fluorescence emission spectra were recorded from 300 to 400 nm after excitation at 280 nm; the blue shift graphs were constructed using averaged values from three continuous scans.
Cell Culture and Transfection-AtT-20 mouse corticotrope tumor cells were maintained at 37°C in a 5% CO 2 atmosphere in DMEM/F-12 cell culture medium containing 10% fetal calf serum (Hyclone), 10% NuSerum (Corning, Inc.), penicillin/ streptomycin, and 25 mM HEPES. Transient transfections were performed in serum-free Opti-MEM medium using Lipofectamine 2000 (Invitrogen) at 2 l/g of DNA. To reveal differences in late/recycling endocytic trafficking, cells were treated with a low dose of nocodazole (10 M) in growth medium for a short time (30 min) prior to fixation; this dose of nocodazole has been shown to disrupt microtubule-dependent endosomal trafficking without completely disrupting the TGN (29) . New expression vectors included bKalSec14-GFP and cKalSec14-GFP (both end with -LDYNH 162 ), Kal-C-helix-GFP (Ex1C appended to the N terminus of EGFP), and Kal-Chelix KKED -GFP (WWWY 3 KKED). PEAK-His.Myc-Kal7a (11) was used as a template to introduce a silent mutation (NruI site) at nucleotide 93 (GenBank TM AAT39517.1 numbering) using site-directed mutagenesis with the QuikChange kit (Stratagene). The Kal-a front without the HisMyc tag was created by PCR using this vector and a reverse primer including the NruI site. The Kal-b and Kal-c fronts were created using rat brain cDNA with sequence-specific forward primers and the common reverse primer introducing the NruI site. All three fronts were cut with BamHI and NruI and inserted into pEGFP-rKalSec14 (11) cut with BglII and NruI. The A206K substitution in EGFP-N2 was also produced using the QuikChange kit (30) . All Kal-Sec14 sequences end with LRLSL 172 fused to EGFP. Long synthetic oligonucleotides were hybridized to create the amphipathic wild type Kal-c front (MTDRFWDQWYLWYL-RLLRLL) and the mutant Kal-c KKED front (MTDRFKDQ-KYLEDLRLLRLL) flanked by restriction sites for SacII and BamHI; these fragments were then inserted into pEGFP-N2(A206K). All constructs were verified by DNA sequencing.
Transferrin Uptake-A transferrin uptake assay was conducted using AtT-20 corticotropic tumor cells and Alexafluor-546-transferrin (Invitrogen) as reported previously (11, 12) . Briefly, AtT-20 cells were plated on glass coverslips and transfected with vectors encoding EGFP or KalSec14-GFP variants. Twenty-four hours after transfection, cells were serum-starved for 30 min and then incubated with 0.25 mg/ml Alexafluor-546transferrin in serum-free medium for 5 min at 37°C/5% CO 2 . Cells were then quickly rinsed and immediately fixed with 4% paraformaldehyde in phosphate-buffered saline. Coverslips were stained using the GFP antibody, and nuclei were visualized using the Hoechst stain (Invitrogen).
Immunofluorescence, Imaging, and Analysis-Cell cultures were fixed in 4% paraformaldehyde, permeabilized with 0.075% Triton X-100, and blocked with 2 mg/ml BSA. Primary antibodies used for immunostaining included rat anti-GFP (1:1000; NacalaiTesque, Kyoto, Japan), rabbit-anti-TGN38 (1:1000; JH 1479 (31)), and rabbit-anti-ACTH (Kathy (31)). Hoechst nuclear stain (Invitrogen) and TRITC-phalloidin (Sigma) were used as indicated. Primary antibodies were visualized with appropriate secondary antibodies from Jackson Immuno-Research Laboratories, Inc. (West Grove, PA). Images were obtained using a Zeiss Axiovert 200M microscope with ϫ63 oil objective and AxioVision software. Optical sectioning was achieved with the Zeiss ApoTome module. Images used for analysis were compressed Z-stack series through the entire cell, with identical settings within experiments. Image quantification was performed using Metamorph image analysis software. For transferrin uptake, individual cells were traced, and average 546-Tf (red) signal was determined. Intensity values were averaged within groups and then compared. For quantification of KalSec14-GFP localization, boxes were drawn around the indicated compartment, and average GFP intensity was compared with average cytosolic intensity.
Cell-permeant Peptides-To investigate the biological activity of the amphipathic Kal-C-helix, we designed a cell-permeant peptide in which the C-helix was followed by nine arginine residues (C-helix-Arg 9 ; acetyl-TDRFWDQWYLW-YLRLLRLLD-RRRRRRRRR) (32, 33) . A control peptide in which four of the hydrophobic residues were replaced with charged residues (underlined) was also designed (C-helix KKED -Arg 9 ; acetyl-TDRFKDQKYLEDLRLLRLLD-RRRRRRRRR). Synthetic peptides (Biomatik USA, LLC; Ͼ90% purity) were dissolved in DMSO, yielding stock concentrations of 2 mM.
Live Cell Imaging-AtT-20 cells were plated at low density on poly-L-lysine-coated glass bottom MatTek dishes and grown in serum-containing DMEM/F-12 for 2 days. At least 24 h before imaging, cells were transfected with the indicated plasmids as described above. Prior to imaging, cells were allowed to acclimate to imaging medium (DMEM/F-12 air without phenol red) at 37°C for at least 20 min. While on a stage warmer held at 37°C, cells were imaged using a Nikon Eclipse TE300 inverted epifluorescence microscope with a ϫ40/0.60 numerical aperture plan fluor air objective and associated NIS-Elements software. Live cell imaging was performed at a rate of 1 frame/20 s for 30 -40 min. After at least 10 min of baseline imaging, a 10 M working solution of either C-helix-Arg 9 or control peptide in imaging medium was added to the cells on the stage warmer, producing a final concentration of 5 M peptide in imaging medium. A final concentration of 10 M peptide was also tested and gave similar results.
Secretion Experiments-Secretion experiments were conducted as reported previously (34) . Briefly, AtT-20 cells were plated at high density in 12-or 6-well dishes and maintained for 2 days in growth medium. Prior to treatment, cells were equilibrated in an air incubator in complete serum-free medium lacking bicarbonate (CSFM-air); CSFM-air consists of DMEM/ F-12 containing insulin/transferrin/selenium, 25 mm HEPES, pH 7.4, and 50 g/ml bovine serum albumin. Cells were incubated in prewarmed CSFM-air at least twice for exactly 30 min at 37°C; these samples of medium allowed us to assess "basal" secretion. After the final period of "basal" secretion, cells were incubated in CSFM-air medium containing either secretagogue (BaCl 2 , 0.5 mM), 5 M cell-permeant peptide (either WT C-helix or mutant control), or both 5 M cell-permeant peptide and 0.5 mM BaCl 2 . After 30 min, medium was collected (stimulated secretion), and cells were extracted into SDS lysis buffer (0.5% (w/v) SDS, 50 mM Tris⅐HCl, pH 8.0, 1 mM dithiothreitol, 2 mM EDTA, 50 mM NaF) and immediately heated at 95 ºC for 5 min. Protease inhibitors were added to all samples immediately following collection. Samples were separated using SDS-PAGE, and protein content was evaluated by Western blot analysis. A rabbit antibody to prohormone convertase 1 (JH 888 (35) ) was used to evaluate secretion. Data are presented as -fold change over basal.
Results
Alternative Promoter Usage Creates Two Structurally Distinct KalSec14 Domains-Full-length kalirin transcripts are initiated at one of four promoters, termed A, B, C, and D ( Fig. 1A ); transcripts generated from the different promoters encode 4 -38 amino acids that precede exon 2. Proteins that extend FIGURE 1. Kalirin and the Sec14 superfamily. A, schematic illustrating use of four different Kalrn promoters, which encode alternate first exons (Ex1A, Ex1B, Ex1C, and Ex1D); the CRAL_TRIO domain begins in exon 2, which is common to transcripts initiated at each of the promoters. Alternative splicing generates transcripts encoding Kal7, Kal9, and Kal12, which each terminate with exons encoding unique 3Ј-untranslated regions. B, Sec14 superfamily members include a CRAL_TRIO domain, which typically binds hydrophobic ligands; some Sec14 superfamily members also include a CRAL_TRIO_N domain. C, multiple sequence/structural alignment for several CRAL_TRIO domains; residues known or predicted to form ␣-helices (blue) and ␤-sheets (red) are identified. Structures are known for yeast Sec14p (ID, 6323725; Protein Data Bank entry 1AUA; helices and ␤-strands shown above the alignment), neurofibromin 1 (NF1) (ID: 119600680; Protein Data Bank entry 3P7Z), and ␣-TTP (ID: 4507723; Protein Data Bank entry 1OIP). Secondary structures for the CRAL_TRIO regions of kalirin (ID: 295054252), Mcf2l (ID: 341940943; also known as Dbs and Ost), and Trio (ID: 257051075) were predicted using the Phyre2 modeling program. Dashes were inserted to optimize alignment; The GenBank TM position number of the final residue shown for each protein is given at the right. from the N terminus to a specified point beyond the end of the CRAL_TRIO domain (which extends from the 16th residue of exon 2 (I 20 LK) to SLD 159 ) are referred to as aKalSec14, bKalSec14, cKalSec14, or dKalSec14. In this study, we focused our attention on bKalSec14 and cKalSec14, the major isoforms in the adult brain (25) ; previous studies focused only on aKalSec14 (1). Although similar in length, the sequences and predicted structures of the initial peptides encoded by Ex1B and Ex1C are remarkably different (Fig. 2, A and B) . Whereas the Kal-b peptide is negatively charged and predicted to be unstructured, the Kal-c peptide is highly hydrophobic (15 of 27 hydrophobic residues) and predicted to form an ␣-helix. In fact, a helical wheel projection predicts that the Kal-c peptide forms a nearly perfect amphipathic helix ( Fig. 2B ). Synthetic Kal-b and Kal-c peptides were used to confirm these structural predictions using circular dichroism. As expected, the Kal-b peptide was unstructured (i.e. a random coil), whereas the Kal-c peptide had spectral properties characteristic of a helical protein (high at 190 nm, minima at 208 nm and 222 nm; Fig. 2C ).
Because the Kal-c peptide includes three tryptophan residues, we took advantage of the characteristic spectral shift in tryptophan fluorescence emission that occurs as a function of solvent polarity to assess its interaction with membranes ( Fig.  2D) . A significant change in both fluorescence intensity and emission maximum was observed upon mixing Kal-c peptide with unilamellar liposomes. A mutated version of the Kal-c peptide (Kal-c KKD ) was designed to disrupt its amphipathic nature by replacing three hydrophobic residues with three polar residues (WWY 3 KKD; Fig. 2B ). Kal-c KKD , which is predicted to adopt a helical structure with greatly reduced amphipathic moment, exhibited the features expected of a helical structure when examined by circular dichroism (Fig. 2C ). However, Kal-c KKD failed to show any changes in either fluorescence intensity or emission maximum following the addition of unilamellar liposomes (Fig. 2D ). Similar constructs were used as controls in later experiments. Given the unique features of the Kal-b and Kal-c peptides, which immediately precede the lipid-binding CRAL_TRIO domain of kalirin ( Fig. 1) , we decided to investigate functional differences between bKalSec14 and cKalSec14.
Promoter Usage Alters Lipid Interactions by KalSec14 Variants-Because exogenous aKalSec14-GFP decreased the ability of a well characterized neuroendocrine cell line (AtT-20s) to internalize fluorescently tagged transferrin (11), we first asked whether bKalSec14-GFP and cKalSec14-GFP had a similar effect (Fig. 3A) . When expressed at similar levels, bKalSec14-GFP and cKalSec14-GFP inhibited the uptake of fluorescently tagged transferrin to a similar extent; the magnitude of this effect was similar to that observed when aKalSec14-GFP was expressed (11). Like many other Sec14 family members, aKalSec14, binds to PIPs (11) . Here, we used PIP strips (Echelon) to evaluate the lipid binding capabilities of bKalSec14 and cKalSec14. Rhodopsin-tagged bKalSec14 and cKalSec14 were expressed and purified, as described previously for aKalSec14 (11) (Fig. 3B ). Whereas bKalSec14-rhod showed some binding to phosphoinositides, we saw significantly more binding by cKalSec14-rhod to almost all PIPs (Fig. 3 , C and D). Neither protein interacted appreciably with the other lipids tested. We found previously that aKalSec14-rhod binds specifically to phosphoinositides, with the most binding to PI(3,4,5)P 3 (11) . Interestingly, cKalSec14-rhod showed the most binding to PI(4)P, suggesting that presence of the Kal-C-helix contributed to both the affinity and specificity of KalSec14-lipid interactions.
cKalSec14-GFP Localizes to the TGN in Neuroendocrine Cells-The phosphoinositides are a critically important class of cell signaling lipids which are known to have somewhat discrete subcellular localizations (for a review, see Refs. 36 and 37) . Because phosphoinositide binding often contributes to effector protein localization to specific subcellular compartments, we wondered whether the alternate initial peptides influenced protein localization. To test this, we expressed KalSec14-GFP fusion proteins in AtT-20 cells. Whereas bKalSec14-GFP was diffusely distributed in these cells (Fig. 4A ), cKalSec14-GFP localized to the perinuclear region, where it co-localized extensively with staining for TGN38, a marker for the trans-Golgi network (Fig. 4B ). We also observed significant cKalSec14-GFP localization at the tips of processes, where mature secretory granules accumulate; secretory granules were identified by staining with an antibody to adrenocorticotropic hormone (ACTH), which is synthesized and stored in these cells.
GFP signal intensity in the TGN region (marked by TGN38) or at the tips of processes was quantified and compared with cytosolic signal intensity (Fig. 4, E and F) , demonstrating enrichment of cKalSec14-GFP at both sites. In cells expressing higher levels of cKalSec14-GFP, diffuse staining throughout the cytosol became more pronounced; a scatterplot relating expression level (relative GFP intensity) to TGN or tip localization score confirmed this relationship, suggesting the presence of a limited number of binding sites for cKalSec14-GFP at both locations.
The perinuclear region of AtT-20 cells that contains the Golgi and trans-Golgi network is also enriched in late endosomes (38) . To better distinguish the TGN from late endosomes, we treated cKalSec14-GFP-expressing cells for a short time with a low concentration of nocodazole to destabilize microtubules and disrupt microtubule-dependent endosomal trafficking; as expected, TGN38 staining, although more fragmented than in control cells, remained concentrated in the perinuclear region (Fig. 4D ). We found that most of the cKalSec14-GFP signal was still associated with TGN38-containing compartments (Fig. 4D, yellow arrows) , indicating that it was largely localized to the TGN. Although a few cKalSec14-GFP-positive puncta were visible throughout the cell after nocodazole treatment (white arrowhead), our data indicate that only a small fraction of the cKalSec14-GFP was associated with endosomes.
The Kal-C-Helix Alone Localizes to the TGN-We next wondered whether the amphipathic Kal-C-helix was sufficient to localize GFP to the TGN area. To test this, we transfected AtT-20 cells with expression vectors encoding GFP fusion proteins in which the wild type or mutant Kal-C-helix preceded FIGURE 3 . The bSec14 and cSec14 domains of kalirin both inhibit transferrin uptake but exhibit differential binding to PIP strips. A, AtT-20 cells transiently expressing EGFP, bSec14-GFP, or cSec14-GFP were rinsed in serum-free medium, exposed to fluorescently tagged transferrin for 5 min, and then rinsed and fixed. The intensity of the transferrin signal in cells expressing EGFP, bSec14-GFP, or cSec14-GFP was quantified (n ϭ 25, 51, and 49 cells, respectively). Two-way ANOVA statistical analysis was used; *, p Ͻ 0.005 versus EGFP. B, Coomassie-stained membrane showing purified bSec14-rhod and cSec14rhod. C, the binding of bSec14-rhod and cSec14-rhod to PIP strips was quantified using an antibody to the epitope tag. The lipids on the PIP strips are identified in the schematic to the right. D, group data from 2-4 experiments calculated as spot intensity relative to cSec14-rhod binding to PI(4)P, the preferred interactor; error bars, S.D. cSec14 binding to PIPs was significantly higher than bSec14 binding; *, p Ͻ 0.02 by two-way ANOVA.
GFP (Kal-C-helix-GFP and Kal-C-helix KKED -GFP). Remarkably, we found that Kal-C-helix-GFP localized to the TGN region in AtT-20 cells (Fig. 5A ). Furthermore, disruption of the amphipathic nature of the helix (as in Fig. 2 ) was sufficient to prevent this localization because Kal-C-helix KKED -GFP was diffusely distributed throughout the cytosol (Fig. 5B ). Quantification of GFP intensity in the TGN area (as defined by TGN38 staining) versus the cytosol confirmed the difference between Kal-C-helix-GFP and Kal-C-helix KKED -GFP (Fig. 5C ); as seen with the intact KalSec14-GFP proteins, the TGN localization score for Kal-C-helix-GFP declined as its level of expression rose (Fig. 5D ), suggesting saturation of a limited number of binding sites.
The Amphipathic Kal-C-Helix Is Essential for cKalSec14 Lipid Interactions-To better evaluate the role of the Kal-Chelix in KalSec14-mediated interactions with membranes, we utilized a liposome binding assay. Based on the localization of cSec14-GFP to the TGN area, synthetic and natural lipids were combined in proportions that mimicked the membranes of the TGN (28, 39) . The resulting "Golgi mix" consisted of 52% DOPC, 20% DOPE, 5% DOPS, 15% cholesterol, 8% PI(4)P, and a trace amount of fluorescent lipid. Lipids were dried, reconstituted, and extruded through a 100-nm pore diameter membrane. Unilamellar liposomes were incubated for 30 min with purified KalSec14; KalSec14 bound to liposomes was separated from free KalSec14 based on its decreased density using an Accudenz gradient (Fig. 6A ). After centrifugation, liposomes and any protein bound to them were recovered from the top of the gradient ("fraction 1"). Using this approach, over 90% of the fluorescently tagged unilamellar liposomes were recovered in the top fraction, as assayed by spectrophotometry for the fluorescent lipid (Fig. 6B) . When liposomes were combined with PI(4)P-Grip-GST (Echelon, positive control protein), we found over 90% of the protein in the top fraction (Fig. 6, C and D) . When PI(4)P-Grip-GST was loaded onto an Accudenz gradient without liposomes, no protein was detectable in the top tube ( Fig. 6, C and D) .
The liposome binding abilities of purified bKalSec14, cKalSec14, and cKalSec14 KKED (helix mutant) were compared (Fig. 6E ). All three proteins showed significant binding to liposomes ( Fig. 6, E and F) . Consistent with the PIP strip assays, we found significantly more cKalSec14 than bKalSec14 in the liposome fraction (Fig. 6, E and F) . This difference could be due to conformational differences of the putative lipid binding pocket due to the inclusion of different N-terminal peptides ( Figs. 1  and 2 ). We found that disruption of the Kal-C-helix was sufficient to abolish the difference in liposome binding between bKalSec14 and cKalSec14 (Fig. 6, E and F) , so that Immunostaining of AtT-20 cells transiently transfected with vectors encoding bSec14-GFP or cSec14-GFP revealed that bSec14-GFP was diffusely localized (A), whereas cSec14-GFP co-localized with the TGN marker, TGN38 (B; yellow arrows) and with ACTH (C; yellow arrows), a marker for the mature secretory granules that accumulate at the tips of cellular processes. Insets, higher magnification of areas marked by white asterisks. D, cells were treated with a low dose of nocodazole (10 M) for a short time (30 min) to disrupt the microtubule-dependent trafficking of late/recycling endosomes into the perinuclear region (38) . Much of the cSec14-GFP continued to co-localize with TGN38 (yellow arrows), but some cSec14-GFP-positive vesicular structures that lacked TGN38 could be identified (white arrowheads). The merged images show GFP in green, and TGN38 (A, B, and D) or ACTH (C) in red, and Hoechst in blue. Scale bar, 20 m. E and F, quantification of Sec14-GFP localization. Localization scores were calculated by taking the ratio of GFP signal intensity in the indicated area (TGN or tips) over cytosolic signal intensity. For TGN localization, n ϭ 18 and 25 cells for bSec14-and cSec14-GFP, respectively. For localization to tips, n ϭ 26 and 22 cells for bSec14-and cSec14-GFP, respectively. For both parameters, localization scores for cSec14-GFP were inversely related to relative GFP intensity; least squares best fit lines are shown. Both localization scores (TGN and tip) differ for cSec14-GFP and bSec14-GFP; p Ͻ 0.001 (Student's t test). Error bars, S.E. cKalSec14 KKED behaved like bKalSec14. These data indicated that the N-terminal amphipathic helix in cSec14 enhanced the ability of this domain to interact with membranes and that this increase was probably due to interactions mediated by the amphipathic helix itself.
Membrane Interactions by cKalSec14 Require Phosphoinositides and Cholesterol-Because our PIP strip data indicated that KalSec14 bound specifically to phosphoinositides, we wanted to determine whether PIP content affected the KalSec14-liposome interaction. When flotation assays were conducted with liposomes lacking PIPs (Fig. 7A ), we found that cKalSec14 binding was reduced by 85%, completely eliminating the difference between bKalSec14 and cKalSec14 ( Fig. 7B, green  hatched bars) . This suggested that cKalSec14 membrane interactions were sensitive to PIP content. Although bKalSec14 binding appeared slightly reduced in the absence of PIPs, data from six separate experiments did not reach statistical significance. Because several Sec14 proteins bind lipids other than phospholipids and Golgi/TGN membranes are enriched in cholesterol (40) , we wondered whether the interaction of KalSec14 with liposomes was sensitive to cholesterol content. cKalSec14 binding was significantly reduced when cholesterol was excluded from the liposomes (Fig. 7B, red hatched bars) although to a lesser extent than was seen in the absence of PIPs. bKalSec14 binding was not significantly affected by cholesterol content. Interestingly, removing both PI(4)P and cholesterol from liposomes was not sufficient to abolish completely the interaction of either protein with liposomes ( Fig. 7B , blue hatched bars), suggesting that other lipids also contribute to the KalSec14-membrane interaction.
To determine the role of the amphipathic C-helix in liposome interactions, we conducted the same experiments with the Kal-C-helix mutant protein, cKalSec14 KKED . Remarkably, this protein did not display the same sensitivity to lipid content that was seen with cKalSec14; neither the PI(4)P nor cholesterol content of the liposomes affected cKalSec14 KKED binding to liposomes (Fig. 7B) .
Our PIP strip experiments suggested that cKalSec14 interacted with multiple phosphoinositides (Fig. 3) . To further examine the sensitivity of cSec14-mediated lipid binding, we evaluated the ability of cKalSec14 to interact with liposomes containing different phosphoinositides by replacing the PI(4)P in the Golgi mix liposomes with PI or with one of the other phosphoinositides (Fig. 7C) . Although cKalSec14 bound to all phosphoinositide-containing liposomes, we observed significant differences in the level of binding with the different phosphoinositides. Maximal binding of cKalSec14 was observed with PI(3,4)P 2 , PI(3)P, and PI(4)P, which did not differ significantly from each other. Minimal binding of cKalSec14 was observed to liposomes containing PI(5)P, which bound signifi- cantly less cKalSec14 than any of the other phosphoinositides. Notably, the phosphoinositide binding specificity of cKalSec14 observed using liposomes differed dramatically from that observed using PIP strips (Fig. 3D) ; when assayed using liposomes, cKalSec14 interacted maximally with PI(3,4)P 2 , which promoted little binding of cKalSec14 to PIP strips. Together, our liposome data demonstrate that the amphipathic Kal-Chelix enhanced KalSec14-mediated membrane interactions in a phosphoinositide-specific manner.
We returned to tryptophan fluorescence to determine whether the Kal-c peptide interacted directly with the different phosphoinositides ( Fig. 7D and Table 1 ). Data for both peptides incubated with liposomes containing PI(4)P and liposomes lacking any PIPs are shown in Fig. 7D . Liposomes of different composition were incubated with the wild type Kal-c peptide or with the mutant Kal-c KKD peptide (Table 1) . Blue shifts of similar magnitude were observed when the Kal-c peptide was incubated with liposomes containing PI or any of the PIPs. No blue shift was observed when the mutant Kal-c KKD peptide was incubated with any of the liposomes. These data led us to conclude that the amphipathic helix encoded by Ex1C interacted with PI and with each of the PIPs. When appended to the CRAL_TRIO domain of kalirin, this amphipathic helix creates a bipartite lipid-binding domain with some phosphoinositide specificity.
The Kal-c Peptide Promotes Secretion in AtT-20 Cells-The trans-Golgi network serves as the cellular hub for protein sorting and transport as well as for secretory granule assembly and secretion. These processes are controlled by a myriad of protein and lipid interactions, many of which are mediated by phosphoinositides. TGN-enriched PI(4)P, for example, aids in recruiting effector proteins necessary for Golgi vesicle budding (41) . Because Kal-C-helix-GFP localized to the TGN, whereas Kal-C-Helix KKED -GFP did not, we hypothesized that the presence of the Kal-c peptide might affect TGN-mediated trafficking and secretion. To test this, we utilized AtT-20 cells, a well studied neuroendocrine cell line, and a cell-permeant version of the amphipathic Kal-C-helix (Kal-C-helix-Arg 9 ); in this way, we could evaluate the acute effects of the C-helix on secretion.
In order to verify that the peptide was able to penetrate cell membranes, we used time lapse imaging. cSec14-GFP was expressed transiently in AtT-20 cells; as expected, it localized to the TGN area. We reasoned that the presence of Kal-C-helix-Arg 9 peptide would displace cSec14-GFP from its binding sites in the TGN. cSec14-GFP localization was disrupted within 6 FIGURE 6. Liposome binding assays reveal an important role for the amphipathic C-helix in KalSec14 membrane interactions. A, schematic illustrating Accudenz gradients used for the liposome flotation assays conducted in Figs. 6 and 7 . The indicated liposome/protein mix (50 l) was combined with 50 l of 80% Accudenz and then overlayered with 250 l of 20% Accudenz and 50 l of buffer. Gradients were centrifuged in a swinging bucket rotor for 30 min, and 100-l fractions were removed and analyzed for lipid and protein content. B, relative lipid fluorescence in gradient fractions; spectrophotometry data from 21 separate gradients were averaged, showing that Ͼ90% of the lipid was found in the top fraction of the gradient after centrifugation. C, purified PI(4)P-Grip-GST (positive control) was analyzed on gradients in the presence (top) or absence (bottom) of Golgi mix liposomes; gradient fractions are indicated above each lane. Protein content, detected using a GST antibody, was quantified as shown in D. E, representative blots from liposome assays with KalSec14 variants. cSec14 bound significantly more to Golgi mix liposomes than bSec14, and this difference was eliminated when the C-helix was mutated to disrupt its amphipathic nature; group data are shown in F. Error bars, S.E.; n ϭ 4 -6 experiments/protein. Asterisks indicate significant difference from bSec14 ϩ PI(4)P liposomes by two-way ANOVA; **, p Ͻ 0.001; *, p Ͻ 0.02. min of introducing 5 M Kal-C-helix-Arg 9 peptide (Fig. 8A) . There was no effect on cSec14-GFP localization following treatment with a control cell-permeant peptide (mutant R7-Kal7CT (42)) ( Fig. 8B ). Continued treatment with Kal-Chelix-Arg 9 peptide resulted in a marked reduction in total fluorescence intensity, which was not observed in the control condition and thus not due to photobleaching. Importantly, Kal-C-helix-Arg 9 peptide was not toxic; cells appeared mor-phologically normal and continued to divide after washout of the peptide (Fig. 8C) .
In order to assess the effects of introducing a PIP-binding cell-permeant peptide, we imaged the response of AtT-20 cells with GFP-tagged secretory granules (30) to the introduction of Kal-C-helix-Arg 9 peptide or Kal-C-helix KKED -Arg 9 peptide (Fig. 8, D and E) . Before the addition of peptide, GFP-positive structures moved rapidly; within a few min of introducing the Kal-C-helix-Arg 9 peptide, the GFP-positive structures stopped moving; introduction of the Kal-C-helix KKED -Arg 9 peptide did not have the same effect.
AtT-20 cells have been used extensively to study secretory pathway function, making them an excellent model system for evaluating the effects of the Kal-C-helix-Arg 9 peptide on cell function. Prohormone convertase 1 (PC1) produces ACTH from proopiomelanocortin, and product peptides like ACTH are stored in secretory granules for release in response to secretagogue stimulation (35) . Products that are not efficiently stored in granules are secreted basally; the products of pro-PC1 cleavage provide a means of monitoring both basal and stimulated secretion (Fig. 9A) ; the 81-kDa product of autoproteolytic pro-PC1 cleavage is secreted basally, whereas its more active C-terminally truncated product (63-kDa PC1) is stored in granules and released only in response to secretagogues like BaCl 2 . Fig. 6F, fraction 1 . Error bars, S.E.; n ϭ 5-6 experiments for "no PIP" and "no cholesterol" conditions, n ϭ 3 experiments for "no PIP/cholesterol" condition. All statistics are by two-way ANOVA; **, p Ͻ 0.001 versus control (black bars); #, p Ͻ 0.02 versus no PIP condition (green hatched bars); n.s., not statistically significant. C, results from flotation assays using liposomes prepared with using 8% of the indicated phosphoinositide with 52% DOPC, 20% DOPE, 5% DOPS, 15% cholesterol. The bar graph shows the proportion of total cSec14 protein recovered in the top fraction. Assay conditions were as in Fig. 6 . D, incubation of Kal-c peptide with Golgi mix liposomes (with PI(4)P) versus liposomes lacking PI(4)P resulted in a shift of max from 332.5 to 336.5 nm. The max for the Kal-c KKD peptide shifted slightly (from 346.5 to 347.5 nm) when PI(4)P was eliminated from liposomes; both values were within 0.5 nm of the buffer-only condition (347.0 nm) in Fig. 2D , and all were considerably red-shifted when compared with max values for the wild type Kal-c peptide.
TABLE 1 Effect of liposome composition on Kal-c peptide Trp fluorescence
Synthetic peptides (2 M Kal-c or Kal-c KKD peptide) were incubated with liposomes (20 M) containing PI or the indicated PIP as described under "Experimental Procedures." The control sample (None) contained no liposomes. Spectra were recorded from 300 to 400 nm after excitation at 280 nm; data shown were averaged from three scans Ϯ S.D. Blue shift gives difference between max with liposomes of a given composition versus no liposomes. ND, not done. Basal and stimulated secretion were monitored by quantifying release of 81-and 63-kDa PC1. Duplicate wells of AtT-20 cells were first equilibrated in CSFM; sequential 30-min collection periods allowed us to assess basal and stimulated secretion and the effect of the cell-permeant peptides on each. Cell-permeant peptide (5 M C-helix-Arg 9 or C-helix KKED -Arg 9 ), BaCl 2 (0.5 mM), or both cell-permeant peptide and BaCl 2 were added as indicated, and cell extracts were prepared after the final collection (Fig. 9B, top) . Compared with basal levels, secretion of 63-kDa PC1 increased more than 5-fold in response to Kal-Chelix-Arg 9 peptide ( Fig. 9, B (ii) and C). In comparison, BaCl 2 increased 63-kDa PC1 secretion 8.5-fold ( Fig. 9, B (i) and C). When Kal-C-helix-Arg 9 -treated cells were subsequently stimulated with BaCl 2 , secretion was further stimulated ( Fig. 9, B (ii) and C). When cells were treated with both Kal-C-helix-Arg 9 peptide and BaCl 2 , secretion levels were comparable with those achieved with BaCl 2 alone ( Fig. 9, B (iii) and C). Incubation with Kal-C-helix KKED -Arg 9 control peptide had no effect on secretion ( Fig. 9, B (iv) and C), signifying a specific effect of Kal-Chelix-Arg 9 peptide. Importantly, secretion of 81-kDa PC1, which is not stored in secretory granules, was not affected by BaCl 2 or by either Kal-C-helix peptide (Fig. 9, B and C) . AtT-20 cells are "professional" secretory cells, and a 30-min exposure to secretagogue releases only a small proportion of the total cell content. As such, we did not observe significant differences in PC1 cell content between conditions (Fig. 9D) , further demonstrating that Kal-C-helix-Arg 9 peptide treatment did not cause a generalized release of cell content.
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Discussion
As important mediators of cytoskeletal regulation, the Rho family GEFs have major roles in cell motility, morphology, and polarity (for a review, see Refs. 43 and 44) . Often large, multidomain proteins, it is likely that many of these proteins are highly specialized and capable of integrating different cellular signaling events. Furthermore, the sheer number of GTPase regulatory proteins has made it clear that normal cell signaling relies on their tight spatial and temporal control. In the present study, we identify the Sec14 domain of kalirin as a lipid binding module that may facilitate the integration of cytoskeletal and secretory pathway function. We show that the manner in which it does so is dictated by promoter usage, which determines the sequence of the short peptide immediately preceding the Sec14 domain.
Kalrn Ex1C Generates an Amphipathic Helix That Binds Phosphoinositides-The existence of multiple Kalrn promoters was reported previously (25) , but no functional significance was attributed to the short peptides encoded by Ex1A, -1B, -1C, and . cSec14-GFP localization was disrupted, and fluorescence intensity declined over time. B, treatment with inactive control peptide (blue arrow) had no effect on cSec14-GFP localization or fluorescence intensity, indicating that the loss of signal intensity in A was not due to bleaching. C, AtT-20 cells treated with 5 M Kal-C-helix-Arg 9 peptide for 30 min were rinsed and returned to normal growth medium. Cells were fixed 72 h later and stained for filamentous actin (phalloidin, red) and TGN38 (white); nuclei were visualized using the Hoechst stain (blue). After washout, treated cells were indistinguishable from control cells, with the usual number of dividing cells (not shown). Scale bar, 20 m. AtT-20 cells stably expressing PHM-GFP, which traverses the secretory pathway and is stored in secretory granules (30) , were imaged every 20 s for 10 min before and 30 min after the addition of 5 M Kal-C-helix-Arg 9 peptide (D) or 5 M Kal-C-helix KKED -Arg 9 peptide (E). Selected high magnification frames of processes where vesicles accumulate are shown. In the first image of each series, blue lines indicate individual numbered fluorescent puncta; yellow lines in the second and third images indicate that the numbered puncta have moved, whereas blue lines show stationary puncta. After peptide addition, numbered puncta are first identified by green lines; those that moved are identified by red lines in subsequent images. Following the addition of the Kal-C-helix-Arg 9 peptide, puncta stopped moving (D).
-1D. Each promoter contributes an initial protein-coding exon that precedes the lipid-binding CRAL_TRIO domain of kalirin. Given that a CRAL_TRIO_N domain precedes the CRAL_ TRIO domain in many Sec14 superfamily members (24), we explored the hypothesis that Kalrn promoter usage is functionally significant. Whereas Ex1B generates a negatively charged, unstructured peptide, Ex1C generates a positively charged amphipathic helix. A peptide similar to the Ex1B peptide is found in all vertebrates; although its sequence is not perfectly conserved, its length and hydrophilic nature are conserved. A peptide similar to the Ex1C peptide is found only in mammals and is perfectly conserved in over two dozen species. Notable features include the prevalence of bulky residues (3 Trp, 2 Tyr, and 1 Phe) along its hydrophobic face and spatially segregated stretches of positively (4 Arg) and negatively (3 Asp) charged residues along the opposing face.
Membrane binding amphipathic helices are used in many ways, generally adopting an orientation parallel to the plane of the membrane. Although many amphipathic helices form only in the presence of a lipid bilayer, the Kal-c peptide adopted a helical conformation in aqueous solution. Strikingly, the Kal-Chelix alone, without the CRAL_TRIO region of the Sec14 domain, localized GFP to the TGN area. The helical conformation was conserved when two of the Trp residues and one of the Tyr residues on the hydrophobic face were replaced by charged residues; these changes, which preserved the charged face of the helix, eliminated the ability of the peptide to localize a GFP fusion protein to membranes in cells.
An amphipathic helix buried within the core of Arf-GDP is exposed as a result of the conformational change that occurs when GTP replaces GDP, making the helix available to interact with membrane phospholipids (45) . Amphipathic helices can serve as membrane curvature sensors; whereas BAR domains can induce and stabilize membrane curvature, adjacent amphipathic helices are thought to play a role in curvature sensation (46, 47) . Amphipathic lipid packing sensor motifs, which are generally unfolded until they interact with membranes, have a hydrophobic face rich in bulky residues, with the opposing face free of charged residues (47, 48) . The Kal-C-helix has a hydrophobic face rich in bulky residues, but its opposing face is highly charged. Although amphipathic lipid packing sensor motifs often recognize lipid-packing defects and areas of membrane curvature, we saw no indication that the ability of cKalSec14 to interact with liposomes was curvature-sensitive (data not shown). The ability of the 23-amino acid peptide that follows the second transmembrane domain of atlastin to form an amphipathic helix in the presence of membranes destabilizes the bilayer, facilitating membrane fusion without altering the GTPase activity of the protein (49) .
Based on the ability of phosphoinositide-containing liposomes to shift the Trp emission maximum for the Kal-c peptide to a lower wavelength, we concluded that this peptide interacts FIGURE 9 . Kal-C-helix-Arg 9 stimulates secretion by AtT-20 cells. A, secretion of PC1 cleavage products (top) was monitored to measure basal and stimulated secretion by AtT-20 cells following 30 min of treatment with Kal-C-helix-Arg 9 peptide, Kal-C-helix KKED -Arg 9 control peptide, and/or BaCl 2 , as indicated. The 81-kDa form of PC1 is secreted basally, whereas the 63-kDa form is stored in mature secretory granules and released in response to secretagogues like BaCl 2 (61) . After two 30-min washes to allow acclimation to serum-free medium, basal secretion was evaluated for 30 min. In duplicate, AtT-20 cells were then treated with one of four paradigms: 0.5 mM BaCl 2 alone (Bi); 5 M Kal-C-helix-Arg 9 alone, followed by Kal-C-helix-Arg 9 with 0.5 mM BaCl 2 (Bii); 5 M Kal-C-helix-Arg 9 and 0.5 mM BaCl 2 (Biii); or 5 M Kal-C-helix KKED -Arg 9 alone, followed by Kal-C-helix KKED -Arg 9 and 0.5 mM BaCl 2 (Biv). B, medium samples were separated by SDS-PAGE and evaluated for PC1 protein content. The addition of the Kal-C-helix-Arg 9 peptide, but not the control peptide, stimulated secretion of 63-kDa PC1; secretion of 81-kDa PC1 was not affected by either peptide or by directly with PI and with each of the PIPs. A similar shift was not observed with the Kal-c KKD peptide or with liposomes composed of DOPC, DOPS, DOPE, and cholesterol. Phosphoinositide-binding peptides have also been identified in gelsolin and villin (50, 51) ; when added to permeabilized cells at similar levels (5 M), these positively charged peptides disrupt actin assembly at the cytoskeleton/membrane interface. Additional mutagenesis studies will be needed to characterize the interaction between the Kal-c peptide and these lipids.
Kalrn Promoter Usage Affects Sec14 Domain-mediated Membrane Interactions-Whether evaluated using PIP strips or liposomes, cKalSec14 exhibited a more robust interaction with lipids than bKalSec14. Whereas recombinant bKalSec14 and cKalSec14 interacted with multiple phosphoinositides on PIP strips, neither replicated the lipid binding specificity of aKalSec14 (11) or GST-Sec14 (12) . Using liposomes, we found that the binding of cKalSec14 was sensitive to both PIP content and cholesterol content. In contrast, the binding of bKalSec14 was affected by neither PIP content nor cholesterol content. Remarkably, disrupting the amphipathic nature of the Kal-Chelix (cSec14 KKED ) also eliminated the effect of PIP content and cholesterol content on binding. Taken together, we conclude that the amphipathic helix that precedes the CRAL_TRIO domain when Ex1C is used plays an essential role in the ability of cKalSec14 to interact with membranes.
Using liposomes containing phosphatidylinositol or a single phosphoinositide, we observed a graded effect of phosphorylation on the binding of cKalSec14. Significant binding to phosphatidylinositol was observed, with enhanced binding to PI(3)P, PI(4)P, and PI(3,4)P 2 and less binding to PI(5)P; this profile differs markedly from the binding pattern observed using PIP strips, suggesting that cKalSec14 may need access to the lipid bilayer for optimal binding. The fact that cholesterol enhanced the binding of cKalSec14 to liposomes may reflect its ability to affect bilayer structure, altering access of the amphipathic helix to the hydrophobic interior.
To our knowledge, this is the first demonstration of a Sec14 superfamily member that uses an amphipathic helix in conjunction with its lipid-binding CRAL_TRIO domain. Several Sec14 superfamily members are known to bind multiple lipid ligands. Yeast Sec14p binds phosphatidylcholine and PI, and both interactions are necessary for function (15) . The Sec14 domain of ␣-tocopherol transfer protein (␣-TTP) has distinct binding sites for ␣-tocopherol (vitamin E) and PIPs, and disruption of PIP binding impairs cellular ␣-tocopherol transport (17) . How the lipid-binding Kal-C-helix and the lipid-binding CRAL_TRIO domain of kalirin interact is not yet clear.
Consistent with the liposome binding data, bKalSec14-GFP and cKalSec14-GFP behaved differently when expressed in AtT-20 cells. bKalSec14-GFP was diffusely distributed, whereas cKalSec14-GFP co-localized with markers for the trans-Golgi network and secretory granules. The fact that the TGN and tip enrichment of cKalSec14-GFP declined at high levels of expression suggests the presence of saturable binding sites. As in many other cases, the ability of cKalSec14 to interact with both proteins and lipids would allow it to serve as a coincidence detector. Phosphoinositide levels are highest in the endoplasmic reticulum and decline through the Golgi complex to the plasma membrane and into endosomal compartments; conversely, cholesterol levels are high in the plasma membrane and lowest in the endoplasmic reticulum (28, 39) . Phosphoinositide identity is also expected to affect the interaction of cKalSec14 with membranes; altered cell surface levels of ionotropic glutamate receptors in Kal7 KO mice and altered uptake of transferrin following expression of exogenous KalSec14 are consistent with a role for kalirin in endocytic trafficking, where
